Numerical simulation of morphological changes in rivers and reservoirs  by Bellos, C. & Hrissanthou, V.
PERGAMON 
An International Joumal 
computers & 
mathematics 
with applications 
Computers and Mathematics with Applications 45 (2003) 453-467 
www.elsevier.com/locate/camwa 
Numerical Simulation of Morphological 
Changes in Rivers and Reservoirs 
C.  BELLOS AND V .  HRISSANTHOU 
Department of Civil Engineering, Democritus University of Thrace 
671 00 Xanthi, Greece 
Abst ract - -For  the computation of the morphological changes in river or reservoir beds, due to 
erosion or deposition, a hydrodynamic model is combined with the sediment continuity equation. 
The hydrodynamic model is based upon the equations of mass and momentum conservation. For the 
solution of the above system of three partial differential equations, the explicit numerical schemes 
of MacCormack and Lax-Wendroff are tested. The whole mathematical model is applied to two 
experimental cases and to a real case. The first experimental case concerns the aggradation i a 
laboratory channel due to sediment overloading, and the second one the sediment release from a 
reservoir after a dam break. The real case concerns the morphological changes in the torrent Mallero 
(Northern Italy) during a flood event. (~) 2003 Elsevier Science Ltd. All rights reserved. 
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1. INTRODUCTION 
Sediment ransport  is a physical process of great importance for hydraulic engineering. The 
simulation of the morphological changes (aggradation, degradation) due to sediment ransport  
in alluvial channels and reservoirs was the subject of many works in the past. The flow was as- 
sumed to be gradual ly varied and unsteady. The governing equations for these processes are the 
continuity equation for water, the momentum equation for water, and the continuity equation for 
sediment. The continuity and momentum equations for water are generally nonlinear hyperbolic 
part ial  differential equations. The sediment continuity equation used in the case studies of the 
present paper is also a nonlinear hyperbolic part ial  differential equation. Because of the nonlinear 
nature of these equations, analytical solutions are not available and numerical techniques using 
digital computers are the only methods of obtaining solutions. The numerical solution of these 
equations can proceed in one of two directions. Either an at tempt can be made to convert the 
original system of part ial  differential equations into an equivalent system of ordinary differential 
equations using the method of characteristics (e.g., [1]), or one can replace the partial  deriva- 
tives in the original system with quotients of finite differences using implicit or explicit schemes 
(e.g., [21). 
For the mathematical  modeling of sediment deposition in reservoirs, Lopez [3] approximates 
the part ial  derivatives of the flow continuity and momentum equations with the Preissmann 
implicit scheme of finite differences, whereas an explicit scheme is used for solving the sediment 
continuity equation. The uncoupled method of solution described in the model requires initially 
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the simultaneous solution of the flow continuity and momentum equations, and second, the 
solution of the sediment continuity equation. 
In the present work, two different explicit numerical schemes, the MacCormack [4] and the Lax- 
Wendroff [5] schemes, are used to simulate the aggradation process observed by Soni et al. [61 in 
a laboratory channel. Additionally, a relationship for the sediment transport capacity proposed 
by Smart [7] is incorporated into the sediment continuity equation. 
A problem related to dam break is the release of sediment deposited in the corresponding 
reservoir. The outflow of both water and sediment has destructive consequences for the land, 
the villages, and generally the people living downstream of the dam. Both numerical schemes 
mentioned above are applied to the dam break experiments carried out by Muramoto [8] to predict 
the variations with time of water and sediment outflow from the reservoir. The formula of Smart is 
also used for the calculation of sediment discharge appearing in the sediment continuity equation. 
In both experimental cases, the granulometric composition of the sediment was uniform, repre- 
sented by the mean diameter. However, the granulometric composition of a river bed, particularly 
in mountain rivers, is nonuniform, varying from fine sand to boulders. In the last decade many 
authors, e.g., Ribberink [9], Di Silvio and Peviani [10], Parker [11,12], Seal et al. [13], and Fergu- 
son et al. [14], examined the influence of the granulometric composition on the sediment transport 
process. These studies assume the existence of an "active layer" in the river bed. The active 
layer is considered "well mixed" and it is potentially in motion. In this layer, the finer material 
is transported at a lower rate, because it is protected by the coarser particles. This effect is 
quantified in the corresponding transport formula by a coefficient called "exposure-correction c - 
efficient". The active layer theory is applied to the torrent Mallero (Alpine zone, Northern Italy) 
for the estimation of the morphological changes due to an extreme flood event. The mathematical 
tool for the estimation of the morphological changes is again the MacCormack numerical scheme. 
The sediment ransport formula of Di Silvio [10] is now incorporated into the sediment conti- 
nuity equation. This formula is a power function of hydraulic and sedimentological parameters 
and takes into account he granulometric composition of the transported sediment as well the 
above-mentioned xposure ffect. 
2. MATHEMATICAL  FORMULATION 
2.1. Hydrodynamic  Equat ions of Unsteady Flow in Open Channels 
The unsteady flow equations for an open channel with geometrically nonuniform cross sections, 
in conservation law form, are 
OA OQ 
0--( + -~x = qt, 
O---t + ~ + - -  = gA(So - S / )  + qtut + - - ,  
P 
(mass conservation), (2.1) 
(momentum conservation), (2.2) 
x: distance along the channel [m], 
t: time [s], 
A: cross section area of flow [m2], 
Q: flow discharge [m3/s], 
p: water density [kg/m3], 
g: gravitational cceleration [m/s2], 
So: channel bed slope, 
SI: energy line slope or friction slope, 
Fh: force of hydrostatic pressure over a channel cross section IN], 
Fix: component in the flow direction of the force of hydrostatic pressure xerted on the channel 
walls on unit channel length IN/m], 
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qt: lateral inflow on unit length [m2/s], 
uL: velocity component of the lateral inflow in the main flow direction [m/s]. 
The variables involved in the equations of this paper are given in SI-units. 
2.2. Sediment Cont inui ty  Equat ion 
In addition to the former equations, a third equation for the sediment continuity is used, 
OAs OQs 
o--Y + = (2.3) 
As: volume of deposition or erosion of sediment on unit length of channel bed [m2], 
Q,: volumetric sediment discharge [m3/s], 
q~,: volumetric lateral sediment input on unit length [m2/s]. 
The sediment continuity equation can also be given in the following form: 
OZb c3qs 
& + = (2A) 
Zb: bed level [m], 
qs: volumetric sediment discharge per unit channel width [m2/s], 
qsl: volumetric lateral sediment input per unit length and unit width [m/s]. 
In the case of variable granulometric composition of the river bed, the sediment continuity 
equation per size fraction is written as follows [13]: 
Ot + + Fj~ = qsl,j, 
~: active layer thickness [m], 
Fj: percentage of the j fraction, 
Fj~: percentage of the j fraction of the undisturbed material below the active layer. 
(2.5) 
In the case of deposition (dZb > 0), Fj~ = Fj. 
qsj: volumetric sediment discharge for the j fraction per unit width [m2/s], 
qst,j: volumetric lateral sediment input for the j fraction per unit length and unit width [m/s]. 
The bed porosity factor is incorporated implicitly into equations (2.3)-(2.5). 
The general form of the active layer thickness ~ is [9] 
5 = f (H,  h, q, n, d, . . .  ), (2.6) 
H: dune height [m] (for gravel bed H = 0), 
h: water depth [m], 
q: flow discharge per unit width [m2/s], 
n: Manning coefficient [s/mW3], 
d: mean grain diameter [m]. 
In this study, the active layer thickness 5 [m] is assumed to be 
= 2d90, (2.7) 
d90: grain diameter for which 90% weight of a nonuniform sample is finer [m]. 
For mountain rivers, the Manning coefficient n [s/m 1/3] is estimated by the following relation- 
ship [15]: 
0.3 -0.16 (2.8) n = 0.32S o R 
R: hydraulic radius [m] (0.15m < R < 2.2m). 
The bed slope So in the formula of Jarret varies between 0.052 and 0.002. 
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2.3. Boundary  Conditions 
For subcritical flow conditions, two boundary conditions must be imposed at the upstream 
boundary, usually flow discharge Q(O,t) and volumetric sediment discharge Qs(O,t). At the 
downstream boundary the flow depth or a relationship between flow depth and discharge must 
be known. For supercritical f ow conditions, three boundary conditions must be known at the 
upstream end. In all cases, the values of the dependent variables that are not specified through 
boundary conditions can be determined by discretizing the characteristic equations [16]. 
3. SEDIMENT TRANSPORT EQUATIONS 
3.1. Formula of Smart  
The formula of Smart [7] is used for the calculation of sediment discharge appearing in the 
sediment continuity equation. This relationship is actually a modification of the well-known 
formula of Meyer-Peter and Miiller [17] for bed load transport in streams, and it is valid also for 
steep bed slopes (from 0.04% up to 20%) and for alluvial materials with mean grain size greater 
than 0.4mm. For uniform sediment (d9o/d3o < 1.5), the equation of Smart has the following 
dimensionless form: 
(I) -- 4.2So°'eCO°'5(0 - Ocr), (3.1) 
(I): dimensionless ediment transport rate, 
0: dimensionless hear stress at the bed, 
0¢r: critical dimensionless hear stress introduced by Shields [18], 
C: flow resistance factor (conductivity), 
d3o: grain diameter for which 30% weight of a nonuniform sample is finer [m]. 
The parameters (I), 0, and C are mathematically defined by the equations 
u: mean flow velocity [m/s], 
= q8 
[9 (P ' -  1) d3] 1/2' (3.2) 
_ hSo  
(p ' -  1) d' (3.3) 
U 
C-  (9hSo)1/2, (3.4) 
p~ = P_A, 
P 
p~: sediment density [kg/m3]. 
For flow over a plane bed at a slope of "a" degrees to the horizontal and for incipient bed 
motion conditions, the Shields parameter becomes 
( tan A 
~cr = tgo,crCOSa 1 tan/3] ' (3.5) 
¢3: angle of repose of submerged bed material [o], 
0o,cr: critical dimensionless hear stress for horizontal bed given by Shields diagram. 
The value of Oo,cr can also be given by the following equation [19] describing the Shields curve 
for Re* _ 1: 
1 + Ze -K1Z + K2tanh2(K3Z) + log(v~o,cr) = 0, (3.6) 
where 
U*: 
12: 
u* d 
Z = X (1 + K4X2) , X = log (Re*), Re* = - - ,  
// 
K1 = 1.06217, K2 = 0.22185, K3 = 0.92462, K4 = 0.17000, 
bed shear velocity [m/s], 
kinematic viscosity of water [m2/s]. 
(3.7) 
(3.8) 
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3.2. Formula of  Di Silvio 
The formula of Di Silvio [10] yields the volumetric sediment discharge per unit width q,j [m2/s] 
for the size fraction j. For a rectangular cross section, this formula reads 
n m 
S° Q Fjrj, (3.9) 
qsj = a Bp+ l dq 
B: stream width [m], 
d j: mean grain diameter of the fraction j [m], 
rj: exposure-correction c efficient, given by the relationship 
~. = , (3.1o) 
\~F jd j  
where N is the number of the size fractions. 
a, n, m, p, q, and s are coefficients evaluated empirically. 
4. NUMERICAL  SOLUTION OF  GOVERNING EQUATIONS 
4.1.  MacCormack  Numer ica l  Scheme 
For the solution of the system of equations (2.1)-(2.3), the numerical scheme developed by 
MacCormack [4] is used. This is an explicit, two-step, predictor-corrector scheme with an accu- 
racy of second order. In the first step, approximate values of the unknown variables are obtained. 
These values are then used in the second step to determine the final values of the variables at the 
end of the time increment considered. The relevant algorithms applied to equations (2.1)-(2.3) 
are as follows. 
PREDICTOR ALGORITHM. 
~k+1 k A (G~+, - AtH~, , = Q,  - + 
(Q.,,+, - + 
(4.1) 
(4.2) 
(4.3) 
where 
At Q2 Fh F~x 
A = A--~' G = --~ + - - ,  H = gA(So - S I )  + uLql + ", (4.4) 
P P 
At: time step, 
Ax:  length step. 
The indices i and k indicate the values of the respective variables at a node of the computational 
k grid with coordinates (x~, tk), where xi = (i - 1)Ax and tk = ~j=l Atj. 
The symbol ~ over the variables implies the approximate value of the variable determined in
the predictor step. 
CORRECTOR ALGORITHM. 
A.k+l 1 [ ~k+l ((~k+l ~)k+l~ -k+l] , =~ Ak*+ - - )~ -~ i -1 )  +Atqa 
-~Ok+l = 21 Q~. +-.~6k+1 _ ~ ~+1. - ~-1  ) + At/t~ +1 
-- [ ('5k+1 (~k+i ~ st4k+11 Ak+l  ~- 1 Ak . + f ik+l  _ A \ -~, i  -- , , i -1 ]  + ts.i J 
--si 2 
(4.5) 
(4.6) 
(4.7) 
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where 
1 (1--CO1) (Aik--1 "'F Ak+l) , A k• = co1 Ak "4- '~ 
1 (1 - 0-)1) k k = (Qi-1 + Qi+I) , Q~* co1Q~ + 
1 (1 - co1) k (As, i_  1 k = + A~,~+I) 
(4.8) 
(4.9) 
(4.10) 
The coefficient CO 1 is needed for "controlling diffusion" of the scheme. For wl = 1, no diffusion 
results. 
In the case of variable granulometric omposition of the river bed, equations (2.5) and (2.4) 
are used instead of sediment continuity equation (2.3). The two equations, that are discretized, 
are a combination of equations (2.5) and (2.4) on the one hand and equation (2.4) on the other 
hand. These equations obtain the following finite difference form for the predictor and corrector 
step, respectively. 
PREDICTOR ALGORITHM. 
-- (qskj,i+l F~u,iA (qs#+l qs,i) + At  qk k k ~k+l [ * 3# A -- qsj,i) + -- -- 
j,i = (4.11) 
- x = (qsk, i+l k Atqksl,i. 
CORRECTOR ALGORITHM. 
F k+l [~k i (Fk* + ~k~-l~ _ )~(~k+l =k+l ~ ~k+l ((~k~-i xk+l~ -k+l] k 24 3,4 ] x sj,i -- qsj,i--1] + Fju,i A x s,* - qs , i -1 )  + Atqs l j , i  
j,i = 
(4.12) 
(4.13) 
zk+l  
~+1 
where 
=-  zk + A - (qsi - qs , i -1 )  + Atqsl,i , 2 
(4.14) 
A~I) 1 Q k l  ) k = -- -- (ql,i+l + [Aik+l + Ak  , ~ (Qik+l + At  
(9(1) 1 = +Q~- I  +G~- I )+At (H~+I  + Hk-1)] , - ,  5 [0 ,% k _ 
1 k k k 
+ qts,,-,)] _ _ Q k4_l) k (Qs,i+l + At (q/ks,i+ 1 = + As,i_ l  A~ ) ~ [A~,~+, A 
FIRST STEP. 
(4.17) 
(4.18) 
(4.19) 
Fk ~ = w2Fk i + 1 Fk Fk ,,  ~ (1 - w2) ( j , i - ,  + j , i+l) ,  (4.15) 
1 (1 - w3) (Z/k- 1 ~- Z~-F1 ) (4.16) zp  = co3z  + 
Coefficients co2 and co3 have the same function as the coefficient co1. 
As far as the coupling of flow equations and the sediment continuity equation is concerned, 
the mathematical  model with the MacCormack numerical scheme can be characterized as "quasi- 
coupled". During the predictor part there is no coupling. However, the predicted values of 
bed elevation are used to determine the correct value of flow discharge through the term So 
(equation (2.2)). Similarly, the predicted values of A and Q are used to determine the sediment 
discharge and to evaluate the spatial derivative term in equation (2.4) [20]. 
4.2 .  Lax -Wendro f f  Numer ica l  Scheme 
Equations (2.1)-(2.3) can be resolved using the Lax-Wendroff [5] numerical scheme. This is 
also an explicit, two-step numerical scheme with an accuracy of second order. The respective 
algorithm may be written as follows. 
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SECOND STEP. 
If)(1) _ QI~I] + 2Atq~: ),A~ +1 = A~ - ;~ [~+1 
[ , = Q, - cl + ), , 
A~ k+l = As k - A L~s,,+ 1 - "~8#-1j + 
(4.20) 
(4.21) 
(4.22) 
The mathematical model with the Lax-Wendroff numerical scheme can also be considered as 
"quasi-coupled". 
4.3. Stabi l i ty Condit ions 
Stability of the explicit MacCormack and Lax-Wendroff numerical schemes i ensured with the 
application of the Courant-Friedrichs-Lewy (CFL) criterion which is expressed as 
Ax 
At = Cr max[ M + c]' (4.23) 
c: speed of propagation of a small disturbance [m/s], 
Cr: Courant number (0 < Cr < 1). 
The mean flow velocity u [m/s] equals Q/A, while c equals v/--~/S. In this case, B [m] is the 
surface width of a cross section. 
Equation (4.23) is applied to the hydraulic part of the problems considered. For the grain size 
fraction Fj, the speed of propagation of a small disturbance cfj is given by the relationship [10] 
(1/Fj 1/s'~ - srj ) (4.24) CFj = qsj (i 
For the bed level Zb, the speed of propagation ofa small disturbance czb is given by the relationship 
cz~ = E CFj ~,( OqSJcgq8 - f j )  . (4.25) 
J 
The CFL criterion for the grain size fraction Fj and the bed level Zb results from equation (4.23) 
by replacing the expression max[lu I + c] by cFj and Czb, respectively. The values of Courant 
number Cr are generally close to unity. 
In addition to CFL criterion (equation (4.23)), the following condition must be satisfied for 
the time step [21,22]: 
R4/3 
At < gn21u----- T. (4.26) 
Usually, the CFL criterion is adequate; therefore, the above condition (equation (4.26)) is not 
encountered frequently in the pertinent literature. 
5. APPL ICAT IONS OF THE MATHEMATICAL  MODEL 
5.1. Aggradat ion Due to Sediment Overloading 
Equations (4.1)-(4.10) (MacCormack numerical scheme) and (4.17)-(4.22) (Lax-Wendroff nu- 
merical scheme) are used to simulate the aggradation process observed by Soni et al. [6] in a 
laboratory channel. They considered a wide rectangular lluvial channel carrying a constant unit 
discharge qo at a uniform flow depth of ho. The equilibrium between the water flow and the 
sediment flow was disturbed by increasing the sediment inflow at the upstream end from the 
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equilibrium value of qso to qso + Aqs. This resulted in the aggradation of the stream bed. 
experiments were conducted with the following conditions: 
The 
• width of the channel: 0.2 m, 
• length of the channel: 30 m, 
• mean diameter of the bed sand: 0.32 mm, 
• Manning coefficient n: 0.022, 
• porosity of the sediment bed layer: 0.4, 
• initial uniform water discharge qo: 0.02 m3/(s m), 
• uniform flow depth ho: 0.05 m, 
• initial bed slope So: 3.56 x 10 -3, 
• Aqs/q~o = 4.0 (qso: equilibrium sediment discharge; Aq~: increment in the sediment 
discharge of the upstream end). 
For the estimation of sediment discharge per unit width qs, the relationships of Smart for uniform 
sediment (equations (3.1)-(3.4))are used. 
It must also be noted that for this experiment the terms expressing the lateral water and sedi- 
ment inflow as well as the force of hydrostatic pressure Fzz in the governing equations (2.1) (2.3) 
are zero. 
The initial and the boundary conditions for the mathematical model are as follows. 
INITIAL CONDITIONS. Uniform unit discharge, uniform flow depth, initial bed elevations at every 
node. 
UPSTREAM BOUNDARY CONDITION. 
q(O, t) = qo, 
q~(O,t) = qso + Aq~, 
for all t _> 0, 
for all t _> 0. 
DOWNSTREAM BOUNDARY CONDITION. 
h(L, t) = ho, for all t _> 0, where L is the length of the channel. 
The length step Ax equals 1.0m. The number of reaches in the channel is 30, because the 
total length of the channel is 30 m. The computational time step At is selected according to the 
Courant condition for stability (equation (4.23), Cr = 0.8, see [23]). 
Figure 1 shows the comparison between computed and measured transient bed and water 
surface profiles for t -- 40 min. According to this figure, the Lax-Wendroff scheme seems to 
approximate the experimental results more than the MacCormack scheme. Additionally, the 
incorporation of the formula of Smart into the mathematical model implies an overestimation 
of the deposition volume. This could be explained by the fact that the values of mean grain 
diameter and bed slope in the experiments described above lie near the validity limits of the 
Smart formula. 
The same experiments were also simulated by Bhallamudi and Chaudhry [20] by means of the 
MacCormack scheme. However, they used an empirical power function of the flow velocity to 
estimate the sediment discharge per unit width. 
5.2. Sediment  Transport Fol lowing a Dam Break 
Both numerical schemes (equations (4.1)-(4.10) and (4.17)-(4.22)) are also applied to the dam 
break experiments carried out by Muramoto [8]. These experiments are briefly described below. 
A 4 m long vinyl chloride prismatic flume with a 10cm wide and 20.5 cm high rectangular 
cross section was used. Uniform mesalite particles with a density of Ps = 1810 kg/m 3 and a 
mean diameter of d = 2.87mm were used for the sediment in the reservoir part. Variables in the 
experimental conditions (Figure 2) consisted of reservoir length (L = 1, 2, and 3 m), weir height 
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Figure 1. Comparison between computed and measured transient bed and water 
surface profiles. 
at the end of the reservoir (S = 0, 5, and 8cm), sedimentation depth (D = 0-10cm), and the 
initial water depth of the reservoir (ho = 2-15 cm). A gate placed adjacent to the weir was pulled 
up rapidly by hand. The time sequence for the water and bed surfaces in the reservoir were 
recorded by a videotape recorder system and two motor-driven cameras. Direct measurements 
of the bed profile using a point gauge and of the totM sediment discharged from the reservoir 
using a balance were made after each experimental run was finished. Changes in the water and 
sediment discharges with time were obtained from time sequences on the video record and from 
photographs. The variation with time of water depth, water outflow, and sediment outflow at the 
downstream end of the reservoir according to the experimental results is illustrated in Figures 3-5. 
These results are valid for certain values of the experimental variables. In the above experiments, 
scale effects were not taken into account. 
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Figure 2. Variables in the experiments of Muramoto. 
As in the foregoing experimental example [6], the terms expressing the lateral water and sedi- 
ment inflow as well as the force of hydrostatic pressure ~x in the basic equations (2.1)-(2.3) are 
zero. 
The initial and the boundary conditions for the mathematical model are as follows. 
INITIAL CONDITIONS. 
h(x,  O) = ho, 
Q(x, o) = o, 
z(x, o) = 5/+ D, (z : distance of the reservoir bed from a datum, Figure 2). 
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Additionally, two assumptions were made for the dam position, 
4ho 
h(L,O) = 9 (see [23])instead of h(L, O) = ho, 
z(L, O) = S, instead of z(L, O) = S + D. 
The above assumptions are valid for the time "zero + . . . "  and aim at the mitigation of the 
discontinuity effect at this position. 
UPSTREAM BOUNDARY CONDITIONS. (Subcritical flow.) 
Q(0, t) = 0, 
Qs(0 , t )  = 0, 
h(0, t) can be computed from the backward characteristic. 
DOWNSTREAM BOUNDARY CONDITIONS. Such conditions are not required because overall (su- 
percritical) flow exists and perturbations do not propagate upstream. For computation reasons, 
a dummy point out of region is used, 
Q(L + Ax, t) = Q(L, t), 
Qs( i  + Ax, t) = Qs(L,t), 
h(L + Ax, t) = h(L, t). 
The space step Ax is determined equal to 2.0 cm, while the time step At is selected according 
to the Courant condition for stability (equation (4.23), Cr = 0.8, see [23]). The computational 
results on the basis of the MacCormack and Lax-Wendroff numerical schemes are also illustrated 
in Figures 3-5 for the corresponding values of the experimental variables. 
Figure 3 confirms that the hydrodynamic part of the model works efficiently. In Figure 4, it 
can be seen that the agreement between computational nd experimental results is satisfactory, 
except for the two first seconds. The disagreement in the initial time steps can be explained by 
the abrupt initiation of water motion. 
According to Figure 5, the MacCormack scheme represents accurately, after the first second, 
the variation of sediment discharge at the downstream end of the reservoir with time. Contrarily, 
the computational results according to the Lax-Wendroff scheme deviate slightly from the exper- 
imental results. The better efficiency of the MacCormack scheme could be explained by the fact 
that this scheme, generally, shows a lower diffusion and represents more accurately the abrupt 
variations or discontinuities. 
Under consideration of the very small experimental scale, the degree of agreement between 
experimental nd computational results is satisfactory. The deviation between experiment and 
computation is remarkable only at the initial time, from zero to two seconds (Figures 4 and 5). 
This fact could be explained by the discontinuities of the water and sediment surface at the 
downstream end of the reservoir in the first time steps. 
5.3. S imulat ion of a F lood Event  in the Torrent  Mal lero 
The MacCormack numerical scheme (equations (4.1),(4.2),(4.4)-(4.6),(4.8),(4.9),(4.11)-(4.16)) 
is now used to simulate the catastrophic flood event of July 1987 in the torrent Mallero. This 
torrent is a tributary of the Adda river that is the main stream of Valtellina, in the central Alpine 
region of Northern Italy. The torrent Mallero is 24 km long, starting at the elevation of 1636 m 
from the confluence of the Vazzeda and Ventina torrents, and ending .at the elevation of 282 m 
on its confluence with the Adda river (Figure 6). The area of its basin is approximately 319 km 2. 
The necessary data for the implementation f the mathematical model are 
• longitudinal profiles and cross sections of the main stream, 
• granulometric composition of the bottom material, 
• hydrographs for each tributary as well as at the upstream boundary (Figure 6). 
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The available hydrological nd morphological data are reported in [25]. The tributaries are taken 
into account in the model as lateral water and sediment inflow. 
The initial and boundary conditions for this simulation example are given below. 
INITIAL CONDITIONS. 
Q(x, 0): constant (assumed to be well known), 
A(x, 0): 
F/~,O): 
zb(x, 0): 
qs3 (x, 0): 
UPSTREAM 
Q(O,t): 
A(0, t): 
Fj(O, t): 
qsj(0, t): 
calculated with the well-known equation of Manning for uniform flow, 
from measurements, 
depending on the initial geometrical characteristics of the river, 
calculated with the sediment transport formula of Di Silvio (the initial granulometric 
composition of the bed is assumed as well known). 
BOUNDARY CONDITIONS. (Supercritical flow.) 
inflow hydrograph, 
calculated with the well-known equation of Manning for uniform flow, 
assumed to be constant, depending on the granulometric composition of the upstream 
subbasin, 
calculated with the sediment transport formula of Di Silvio, depending on the gran- 
ulometric omposition of the upstream subbasin. 
DOWNSTREAM BOUNDARY CONDITIONS. (Supercritical f ow.) The flow conditions in steep 
mountain torrents are usually critical or supercriticM. Therefore, no downstream boundary con- 
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Figure 8. Sensitivity analysis of the model for the diffusion coefficient w3. 
ditions are needed• However, for computational reasons, the following conditions are set: 
Q(L,  t) = Q(L  - Ax ,  t), 
A (L ,  t) = A(L  - Ax ,  t), 
Fj (L, t) = Fj (L - Ax ,  t), 
qs j (L , t )  = qsj(L - Ax ,  t). 
In the above relationships, L is the length of the torrent Mallero. 
The phenomenon of landslides is also included in the boundary conditions. Two types of 
boundary conditions concerning landslides are considered [10]. 
• When landslides occur in relatively flat tr ibutaries, the sediment inflow into the main 
stream depends on the granulometric composit ion of the landslides and the flow discharge 
of the tributaries. 
• When the tr ibutaries are steep, the landslides enter the main stream as debris flows and 
the further t ransport  depends on the main stream discharge. 
Figure 7 shows the final bed configuration, after the flood event, according to the model de- 
scribed above and another model named MORIMOR [10]. MORIMOR includes an oversimplified 
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hydraulic model and the same sediment transport  equation, namely the formula of Di Silvio. The 
differences between the results of the two models are attr ibuted, among others, to the different 
assumptions about the initial alluvial thickness of the river bed and the diffusion coefficient. In 
the present study, the accepted value of the diffusion coefficient for the bed level variation (w3) 
is 0.9990. Apart  from the computational results, some measured values are i l lustrated in Figure 7. 
In Figure 8, a sensitivity analysis of the model concerning the diffusion coefficient a;3 is shown. 
In accordance with this figure, the model is very sensitive with respect to the above diffusion 
coefficient. This sensitivity is likely to be due to the exponential form of the sediment ransport  
formula used. 
6. CONCLUSIONS 
The basic mathematical  model with both numerical schemes (MacCormack and Lax-Wendroff) 
simulates the aggradation of the channel bed satisfactorily. 
The simulation of water and sediment outflow from a reservoir because of dam break by means 
of both numerical schemes is also satisfactory in spite of the discontinuities of the water and 
sediment surface at the downstream end of the reservoir. This is due to the conservation form of' 
equations used and the explicit numerical schemes, which are capable of dealing with steep fronts, 
hydraulic jumps, etc. Contrarily, these discontinuities cause problems at the implicit numerical 
schemes. 
The advantages of the mathematical  model with the MacCormack numerical scheme, used for 
the simulation of an extreme flood event in the torrent Mallero, are 
• the robustness of the model under various circumstances, e.g., subcrit ical-supercrit ical 
flows, lateral water and sediment inflow, abrupt cross section variations, steep bed slopes, 
high values of the Manning coefficient, 
• the simplicity of the model structure that allows the control of the procedure, and 
• the relatively speedy computation. 
Conversely, the disadvantages of the model are 
• the very small t ime step that results sometimes from the CFL criterion, which creates 
inconveniences like numerical diffusion, roundoff errors, etc., 
• the sensitivity in the diffusion coefficient of the bed level variations, and 
• the use of many parameters for the calibration of the sediment ransport  formula of 
Di Silvio. 
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